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ConﬁnementReverse micelles are a versatile model system for the study of crowded microenvironments containing limited
water, such as those found in various tissue spaces or endosomes. They also preclude protein aggregation. Re-
verse micelles are amenable to study by linear and nonlinear infrared spectroscopies, which have demonstrated
that the encapsulation of polypeptides and enzymatically active proteins into reversemicelles leads to conforma-
tional changes not seen in bulk solution. The potential value of this model system for understanding the folding
and kinetic behavior of polypeptides and proteins in biologically important circumstances warrants increased
study of reverse micelle systems by infrared spectroscopy. This article is part of a Special Issue entitled: FTIR in
membrane proteins and peptide studies.
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Many important biochemical reactions occurwithin conﬁned aqueous
microenvironments such asmembranous organelles, extracellular spaces,
and the interior of macromolecular chaperones. These microenviron-
ments are subject tomacromolecular crowding, with high concentrations
of dissolved substances that alter the bulk properties of water, and
lead to changes in the structure of proteins and the activity of enzymes
[5,10,13,18,32,34,35]. The effects of conﬁnement and crowding may be
mimicked in reverse micelles, making them useful models of biological
microenvironments [15].embrane proteins and peptide
gy, University of Pennsylvania,
: +1 215 573 9135.
sen).
l rights reserved.Reverse micelles are spherical self-aggregates of amphiphilic surfac-
tants that enclose nanometer-sized water droplets suspended in bulk
organic solvent. The polar headgroups of the surfactant orient towards
the water droplet, while the hydrophobic hydrocarbon chains orient
away from the water and towards the organic solvent. Technically, the
term “reverse micelle” is restricted to systems with low water content,
but it is common to use the term for all spherical aggregates of surfac-
tants in a predominantly organic media [42]. Conﬁnement refers to the
stable encapsulation of materials within the water droplet of a reverse
micelle,while crowding refers to the exclusion ofwater from the vicinity
of a molecule of interest by proteins, nucleic acids, or polysaccharides
[12,48].
The effects of conﬁnement and crowding may be viewed as arising
from two basic mechanisms. One is a reduction in the number of possi-
ble conformations for a polypeptide chain, which limits the entropy of
its unfolded state, and reduces the entropic cost of folding [37,48]. Al-
tered rates and paths for protein folding are typically attributed to this
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ties of water due to the proximity of water molecules to a surfactant,
an ion, or a macromolecule, and their involvement in a hydration shell.
Changes in reaction rates and equilibria are generally attributed to this
mechanism [33].
2. Composition and structure
Most reverse micelle studies have been conducted with synthetic
surfactants such as AOT (bis(2-ethylhexyl) sodium sulfosuccinate),
SDS (sodium dodecyl sulfate), CTAB (hexadecyltrimethylammonium
bromide) or polyoxyethylene alcohols [3,42]. They have also been
prepared using phospholipids such as phosphatidylcholine, phospha-
tidylethanolamine, and various mixtures [42], although they seem to
have a relatively small capacity to stabilize a water droplet. Their stabil-
ity may be improved with cosurfactants, such as short chain alcohols or
cholesterol that decrease the bending modulus of the surfactant layer
and thereby enhance the stability of reverse micelles [14]. The proper-
ties of phospholipid reverse micelles depend strongly on the structure
of the headgroup, but not on the position of the headgroup relative to
the hydrocarbon chains [19].
AOT is the most commonly used surfactant, and it forms stable re-
verse micelles without the addition of any co-surfactants. It forms an
effective and resilient interface between the aqueous and organic
phases, which is attributed to the volume of its two branched hydrocar-
bon chains [23,31]. Time-resolvedﬂuorescence studies have shown that
thewater in the lecithin reversemicelles is signiﬁcantly more restricted
than in AOT reverse micelles of the same size [45].
The size, shape, and aggregation parameters of for AOT reverse mi-
celles in isooctane have been characterized bymany techniques includ-
ing ultracentrifugation,ﬂuorescence spectroscopy, capillary viscometry,
classical light scattering, quasi-elastic neutron scattering, small-angle
neuron scattering, photon correlation spectroscopy, NMR spectroscopy,
and IR spectroscopy [11,17,25,39,49]. The physical dimensions of reverse
micelles depend on the water-loading ratio, deﬁned as the molar ratio
of water to surfactant suspended in the organic phase (w0=[H2O]/
[surfactant]). The average radius of an encapsulated water droplet
is approximately 0.175 w0, and the AOT layer adds approximately
1.5 nm to the overall radius [3]. The size of reverse micelles in published
studies ranges from less than 1 nm, encapsulating 50–100 water mole-
cules, to around14 nm, encapsulating over 400,000watermolecules [15].
The stability and narrow size distribution of a reversemicelle prepara-
tion is the result of a balance between opposing forces and a rapid ex-
change of material among reverse micelles [16]. Unopposed, the
hydrophobic effect arising from water's afﬁnity for itself would result in
a single large water droplet, and minimizing its surface energy for any
given volume would tend to make it spherical. When the surfactant is
present at a concentration that exceeds what may be accommodated at
the interface of a single large droplet, the need for more interfacial area
to accommodate the surfactant forces the formation of smaller droplets
with a greater total surface area for a given volume of water. In alter-
native terms, larger reverse micelles will have a larger surface energy
according to the Law of Laplace [27]. Therefore, the surfactant in a large
reversemicelle with a relatively high surface energywill tend to undergo
a net transport to relatively small reverse micelles, and water will follow
to provide the interfacial surface area that is required. This exchange of
matter amongmicelles occurs until they reach an approximately uniform
size. The polydispersity index for a typical water-AOT-isooctane reverse
micelle preparation at room temperature is typically 10–15% [38].
Reverse micelles are at dynamic equilibrium with each other and
the medium, exchanging matter continuously through fusion and dis-
sociation [16]. It has been estimated that the lifetime of a surfactant
molecule in a micelle is on the order of microseconds.
Assuming that the surfactant concentration is greater than its critical
micelle concentration, the concentration of micelles may be calculated
from the concentration of surfactant and the aggregation number,i.e. the average number of surfactant molecules in each micelle. The
aggregation number is estimated by dividing the surface area of the
reverse micelle (modeled as a sphere) by the surface area of the sur-
factant headgroup. This number is dependent on w0, temperature,
and the organic solvent [26]. In an AOT-water-isooctane system at
room temperature, the area per AOT headgroup ranges from 35 to
57 Å2 for w0 values ranging 4–50 [31]. The micelle concentration may
be estimated by dividing the surfactant concentration by the aggrega-
tion number.
Numerous molecular dynamics (MD) simulation studies have
been performed on reverse micelles [2]. These studies vary in signiﬁ-
cant details such as whether the components are represented atomis-
tically or with coarse-grained models, whether the organic phase is
represented explicitly or implicitly, and whether or not the micelle
is restrained to assume a spherical shape. Fig. 1a is a snapshot from
an MD simulation showing the exterior surface of a reverse micelle
composed of water and AOT with a water loading ratio of w0=11.4.
In lieu of an organic phase, the shape of the micelle was constrained
to be a rigid sphere [13], although AOT molecules were represented
in full atomic detail and could diffuse freely on the surface of the
sphere. Simulations of this sort permit more detailed investigations
of micelle size than is possible with experimental measurements
such as dynamic light scattering, which tend to report larger values
than computer simulations because the former reﬂect the hydrody-
namic radius [41]. The size of a micelle in simulations, however, is af-
fected by the extent to which water molecules are allowed to diffuse
out of the core and into the hydrophobic region of the AOT. The sim-
ulation illustrated in Fig. 1 constrained water to not diffuse beyond
the intersulfonate headgroup region, which is the behavior observed
in more complete simulations [7]. However, this constraint yields
gaps in the surface covered by AOT through which interior waters
may be seen and pass (Fig. 1a). Infrared spectroscopy has suggested
that interior water may be classiﬁed into bound, trapped, and bulk
water, where “trapped” waters were deﬁned as inhabiting spaces be-
tween hydrophobic tails of the surfactant [47]. If water was allowed to
diffuse further out to the hydrophobic region of theAOT, the dimensions
of themicellewould contract to somedegree, and the gaps in the surface
may close.
Information about the reverse micelle interior is starting to emerge
from ultrafast infrared spectroscopy [8,10,29,34]. Water molecules
interactingwith surfactant headgroups have physical and chemical prop-
erties that are distinct from the more bulk-like water found in the center
of the micelle. At the interface, strong interactions between polar water
molecules and ionic headgroups restrict the translational and rotational
motions of water, as seen through differences in absorption spectrum, vi-
brational lifetime, and orientation dynamics from water in the bulk-like
core. The simulation depicted in Fig. 1b, and other simulations [7],
suggests that the sodium ionsmay dissociate from the AOT and become
hydrated in the water core. The ratio of sodium ions to water suggests
that the ionic strength of a micelle interior is extraordinarily high, and
that micelle interiors will remain ﬂuid well below the freezing point
of water.
Water mobility within the core depends on surface ion density
and distance from the interfacial ions [13]. The effects of ions are lo-
calized, only inﬂuencing a few layers of watermolecules at the interface,
and creating a bound water layer approximately 3–5 Å thick [31]. The
apparent dielectric constant of bound water is considerably lower than
that of bulk water, which decreases its ability to solvate ions, and its vis-
cosity is greatly increased. As reverse micelle size increases, the ratio of
bulk-like water to bound water increases [34].
It is difﬁcult to characterize the interior pH of a reverse micelle be-
cause the exchange of just one buffer ion for a proton yields a very
high proton concentration [9]. Reactions that generate or bind free pro-
tons may therefore exhibit unexpected behavior if they are dependent
on pH [44]. One approach tomeasuring the interior pH involvesmeasur-
ing the chemical shift of 31P in phosphate buffers by NMR [20–22,40].
Fig. 1. (Left) Snapshot of a RM with wo=11.4 from a molecular dynamics simulation. Blue spheres are AOT, and white/red spheres are water molecules in the interior. The organic
phase (isooctane) is not explicitly represented. (Middle) Thin cross-section showing AOT molecules on the periphery and sodium ions as turquoise spheres in the interior. (Right)
Thin cross-section showing AOT molecules on the periphery, and the 40-residue amyloid β protein as a random-coil in the interior.
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an encapsulated water pool as in bulk water, little difference was found
between bulk buffer and the water droplet (less than 0.4 pH units). In
contrast to the chemical shift of phosphate in the interior of an AOT
reverse micelle, the chemical shift of the phosphate in a phospholipid
reverse micelle was not sensitive to pH manipulations, although effects
on the T1 relaxation times were noted [42]. A related approach involves
the measurement of 51V chemical shift in vanadate anions [9].
3. Methods
3.1. Sample preparation
The encapsulation of proteins in reverse micelles requires no spe-
cial equipment. One method of preparation begins with mixing an
aqueous protein solution and a solution of a surfactant in organic sol-
vent. [1,30] The w0 is determined by the amounts of each solution in
the mixture. An advantage of this method is that it is straightforward
to prepare an accurate “blank” sample by preparing a double portion
of surfactant in organic solvent and splitting it into two equal portions.
To one portion, a precisely measured volume of the protein in D2O is
added, while the same volume of pure D2O is added to the other por-
tion. Another advantage is that preparations with different w0 values
may be made from the same stock solutions.
An alternative method begins with preformed reverse micelles
and predetermined w0, to which dry lyophilized protein is added. A
disadvantage to the second method is that the protein makes contact
with organic solvent, which can lead to partial denaturation. However,
some have found that higher protein concentrations can be achieved
with this second method [28].
Bothmethods involve bath sonication or vigorous shaking and should
yield an optically clear solution without separated phases. For infrared
spectroscopy, the use of a ﬂow cell with a ﬁxed spacer helps avoid arti-
facts due to changes in path length. We have found that a 15 μm spacer
(i.e. pathlength) yields a reasonable balance between absorption and
energy throughput for optimum signal/noise ratio in the region of the
amide I band. Of course, whenever reverse micelles are being prepared
for study of the amide I band arising from proteins, D2O is used instead
of H2O to avoid overlap of the H\O\H scissoringmode. The H→D sub-
stitution alters amide I absorption to some extent, so the mode is often
designated amide I′ (i.e. with a prime).
3.2. FTIR analysis
It is difﬁcult to obtain an IR spectrum of a protein in a reverse mi-
celle from single beam transmission scans of preparations made withand without protein. The main reason is that absorption due to the
protein will be relatively weak compared to absorption by the water,
surfactant, and organic solvent, especially if the molar concentration
of protein is much lower than themolar concentration of micelles. Con-
sequently, any changes in background (i.e. non-protein) contributions
to a spectrumwill be large compared to contributions from the protein.
It is a practical impossibility to avoid changes in background contributions
because even the amount of solvent displaced by the proteinwill give rise
to a negative signal as large as the positive signal from the protein.
Therefore, it is preferable to isolate the protein spectrum by re-
cording spectra of micelle preparations with and without protein
against a common background (e.g. isooctane), followed by interac-
tive subtraction of the spectra. This approach is illustrated in Fig. 2
for a reverse micelle preparation containing isooctane, AOT, and
D2O, with and without the 40-residue amyloid β protein. The spectra
in panel 2a show large peaks arising from isooctane, D2O, and AOT.
Although the upper spectrum was collected with encapsulated pro-
tein, solubility issues dictated that only one micelle out of 75 actually
contained a protein. Hence, the amide I band arising from the protein
is very weak. The spectrum in panel 2b was obtained through interac-
tive (i.e. manually adjusted) subtraction of the two spectra in panel
2a, where the end-point was minimization of the ester C_O stretch
peak of AOT. The extreme red end of this band creates a sloping base-
line underneath the amide I′ band (Fig. 2c), which is easily corrected. It
is clear that minimizing noise to around 0.0001 AU or less was needed
to achieve a clear spectrum. That level of noise was achieved in this
case by co-adding 1024 interferograms at 2 cm−1 resolution.
The spectrum resulting from this approach (published elsewhere)
[46] exhibits a split amide I′ band with a low frequency component at
1621 cm−1 suggesting the presence of extended β-strands, and a
high frequency component at 1674 cm−1 suggesting the presence
of β-turns. The latter is to be expected because the dimensions of a
40-residue peptide and a micelle with w0=11.4 require that the pep-
tide be extensively folded (Fig. 1c). The origin of the low frequency
component remains under investigation. A key advantage of reverse
micelles for the study of amyloid β proteins is that encapsulation pre-
vents aggregation into ﬁbrils, and facilitates study of the monomeric
protein.
4. Applications
FTIR has been used to characterize the water content of reverse
micelles because there is a linear relationship between w0 and the in-
tensity of O\H absorption at 3420 cm−1 [28]. It can also be used to
monitor reaction end points and substrate speciﬁcities that affect the
absorption intensity or frequency of absorption bands arising from
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carbon-oxygen single bonds (1100–1200 cm−1), or the hydroxyl group
(3300–3500 cm−1) [43]. Another useful band is amide I (or amide I′,
1600–1700 cm−1), which arises from the backbone peptide linkage,
and is a useful indicator of secondary structures such as α-helix and
β-sheet.
As reviewed by Biasutti, reverse micelles offer many advantages
for the study of enzymes that associate with membranes [1]. A concern
at the outsetmight be that enzymes tend to bemuch larger than reverse
micelles. However, reverse micelles readily fuse as necessary to encap-
sulate enzymes, and they retain their w0 in so doing [36].
Surprisingly few studies employ IR spectroscopy to study encap-
sulated enzymes. The earliest report appears to be from Walde and
Luisi in 1989 who studied the kinetics of triglycerides hydrolysis by
various lipases in AOT-water-isooctane reverse micelles [43]. In 1994,
Chang et al. examined the infrared spectrum of α-chymotrypsin in
AOT-D2O-isooctane reverse micelles and concluded that its conforma-
tion differed from that in bulk water [5]. Huang et al. found that the de-
gree to which bovine pancreatic RNAse A underwent conformational
change was greater at low values w0 (study performed in H2O) [24].
Chen et al. examined the effect of surfactant type on the amide I′
spectrum of horseradish peroxidase and found that AOT preserved
protein structure better than CTAB and SDS [6]. Further studies of
α-chymotrypsin in CATB reverse micelles were performed by Celej
et al., who found that encapsulation increased α-helix content, and
decreased β-sheet content — correlating with increased enzymatic
activity [4].Meersman et al. also examinedα-chymotrypsin, but focused
on pressure-induced unfolding in AOT reverse micelles, concluding that
encapsulation signiﬁcantly affected the unfolding pathway [32].
In 2007, Mukherjee et al. [35] examined two alanine-based helical
peptides encapsulated in AOT-water-isooctane reverse micelles with
different w0 values. FTIR amide I′ spectra suggested that these peptides
underwent a thermally-induced conformational transition in reverse
micelles with low water content, featuring antiparallel β-sheets. The
same transition did not occur in bulk solution, suggesting that limited
hydration favors the formation of peptide aggregates. This conclusion
is congruent with our own studies showing that encapsulation of the
amyloid β peptide in AOT reversemicelles leads to the formation of ex-
tended β strands (Fig. 2), but that encapsulation of a peptide with the
same residues in a scrambled sequence does not [46].
Most recently, Fragoso et al. examined an amidase from Pseudomonas
aeruginosa in tetradecyltrimethyl ammonium bromide (TTAB) reverse
micelles [18]. This enzyme exhibited increased speciﬁc activity in reverse
micelles compared to bulk solution, and in some cases, an extended
stability. These ﬁndings correlated with changes in second-derivative
amide I′ FTIR spectra.5. Conclusions
Reverse micelles provide us with a means to model the kind of
crowded microenvironments that exist in various tissue spaces or in
endosomes, and to prevent the aggregation of proteins under study.
They are amenable to study with infrared spectroscopy as long as
efforts are made to collect background and sample spectra with high
signal:noise. Results to date indicate that folding and kinetic activities
in a reverse micelle are signiﬁcantly different from bulk solvent, and
that infrared spectroscopy offers valuable insight into these altered
activities.Fig. 2. (Upper) Mid-IR spectra of empty RM (i.e. containing only water with wo=
11.40) and RM with the amyloid β protein in approximately 1 out of 75 RM, (i.e. 74
out of 75 RM are empty). The difference is imperceptible. (Middle) The result of inter-
actively subtracting the two spectra in the upper panel to minimize the low-frequency
edge of the ester C=O stretching band. (Lower) Zoomed-in view of the amide I’ region
of the spectrum in the middle panel.Acknowledgements
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